Purpose: As countries work toward 90:90:90 targets, early identification of patients with inadequate response to antiretroviral therapy (ART) is critical for achieving optimal HIV treatment outcomes. We developed and evaluated a clinical prediction score (CPS) to identify HIV-positive patients at risk of poor viral load suppression at 6 months on ART. Patients and methods: We conducted a prospective cohort study of HIV-positive ART naïve adults (≥18 years) initiating standard first-line ART between February 2012 and April 2014 at Themba Lethu Clinic in Johannesburg, South Africa. We used Modified Poisson regression to estimate the association between patient characteristics and poor viral load suppression, defined as a viral load ≥400 copies/mL at 6 months on ART. We developed a CPS following the Spiegel Halter and Knill-Jones approach and determined the diagnostic accuracy compared to viral load as the "gold standard". We identified the optimal cutoff at which the CPS would identify those at risk of poor viral load suppression. Results: Among 353 patients, 67.7% had a viral load measurement at 6 months on ART and 30.1% of these were viremic (≥400 copies/mL). Male gender, platelet count <150 cells/mm 3 , ≥7 days late for ≥2 ARV visits, visual analog scale (VAS) <90% and <14.5 fL increase in mean cell volume from baseline to 6 months were included in the CPS. The optimal cutoff was 5 (≥5 vs <5; sensitivity [Se] 65.3%, specificity [Sp] 46.7%) and the CPS performed better than standard measures of adherence (eg, VAS Se 24.5%; Simplified Medication Adherence Questionnaire Se 26.5%). Conclusion: Our findings suggest a 6-month CPS may have the potential to identify patients at risk of poor viral load suppression. The CPS may be used to target patients who need intensive adherence support, with the caveat that there may be a three-to four-fold increase in the pool of patients identified for adherence counseling.
Introduction
Eastern and southern Africa bears the highest burden of the HIV epidemic with 19.6 million people living with HIV, 800,000 newly infected with HIV, and 380,000 deaths due to AIDS in 2017. 1 Efforts to expand access to antiretroviral therapy (ART) has resulted in over 17 million people living with HIV starting ART, 1 thus significantly reducing HIV-associated morbidity and mortality and, increasing life expectancy in affected countries. 2 However, there remain significant obstacles to both access to ART for those who need it and to sustaining those already on treatment. Non-adherence to ART has the potential to undermine the dramatic improvements in survival seen in resource-limited settings. 3 South Africa has the highest burden of HIV infection worldwide, with approximately 7.3 million people living with HIV. The prevalence of HIV among adults aged 15-49 years old is 18.9% and the prevalence sex ratio is 0.56. 4 South Africa has the largest ART programme in the world, with over 3.3 million people on treatment in 2016. 5, 6 The adoption of the Universal Test and Treat (UTT) policy in South Africa, as of September 2016, is expected to increase ART uptake and result in approximately 164,000 new patients on ART per annum representing a 5.2% increase to the program at an additional cost of $42 million per year. 6, 7 The elimination of CD4 count thresholds for ART eligibility is likely to have an impact on national treatment program budget and the capacity of the national ART program to achieve the United Nations Programme on HIV (UNAIDS) 90-90-90 target by 2020. 7 Routine viral load monitoring is the preferred method for assessing treatment failure and one of the most important parameters to monitor ART. 8 Without drug resistance, HIV-positive patients should achieve viral suppression within 8-24 weeks after ART initiation. 8, 9 Accurate and early identification of virologic failure is crucial as HIVpositive patients may benefit from interventions to improve ART adherence such as intensive adherence counseling. 10 Numerous studies have shown that individual markers such as hemoglobin, mean corpuscular volume (MCV), total lymphocyte count, serum lactate, platelet count, and bilirubin could potentially be used as alternatives to monitoring viral load and ART outcomes. [11] [12] [13] [14] [15] [16] [17] [18] These laboratory markers are routinely performed in many settings and are inexpensive when compared to viral load which is costly and technically difficult to implement. Results of work on predictive markers have been conflicting, with many reporting a poor sensitivity and specificity when compared with the standard adherence measures. 19 To overcome this, methods combining routine biomarkers with a patient's clinical information and nonclinical data have been proposed to improve the sensitivity and usefulness of these methods. The use of predictive markers has mainly been evaluated in retrospective studies with conflicting results and poor sensitivity and specificity when applied to routine clinical data. 13, 19 Additionally, the cutoff levels at which these combined biomarkers should be used to monitor and assess viral load control remains unclear.
We previously published results of a clinical predictor score (CPS) to identify patients at risk of virologic failure using retrospective data from the Themba Lethu Clinic (TLC) in Johannesburg, South Africa. 13 Based on our previous findings, we designed a study at the same clinic to prospectively collect data on clinical markers and selfreported adherence to improve the applicability and accuracy of the CPS. We hypothesized that a composite biomarker including patient's clinical and non-clinical data together with adherence measures would improve the sensitivity of the CPS. The prospective design allowed us to collect data on certain markers/variables that were missing (eg, serum lactate, serum albumin, MCV and adherence measures) and could therefore not be included in the retrospective analysis. This study aimed to develop a CPS to identify those at risk of poor viral load suppression at 6 months on ART and those most likely to benefit from interventions to improve ART adherence.
Material and methods

Study site and population
This study was a secondary analysis of data collected from a prospective observational study. The study enrolled 357 HIV-positive adult (≥18 years of age) patients who initiated standard first-line ART at TLC from February 2012 to April 2014 and followed patients for 24 months post-ART initiation. The sample size of the primary study (n=387) was calculated for a single proportion (α=0.05; power=80%), assuming that the proportion of patient failing first-line ART at TLC was 25%, 13 while estimates from sub-Saharan Africa and more specifically South Africa suggest that number is much lower, between 6% and 10%. 20, 21 24 In accordance with national treatment guidelines, viral load testing was used for patient monitoring and, in particular, to assist in switching to second-line treatment regimens. Eligible patients were identified and enrolled at ART initiation. Patients provided informed consent to participate and agreed to attend study visits at 6, 12 and 24 months post-ART initiation, in addition to their routine medical visits. During study visits patients saw a nurse who collected vitals (eg, weight, height, blood pressure and body temperature) and performed a clinical assessment, met with a counselor to complete an adherence questionnaire and provided blood for additional laboratory testing (eg, serum lactate, full blood count and serum albumin) ( Table 1 ). Data were collected by clinic staff (eg, nurses and counselors) using paper-based forms and captured electronically by study staff. We excluded patients who transferred in on ART. While pregnant women were eligible to initiate ART, they were not included in the prospective study mainly because they are initiated using different criteria and were managed differently (eg, transferred out to other facilities for antenatal care). 24 Individual demographic and clinical characteristics were captured in a study database (hereafter referred to as the LCM cohort) and linked to TherapyEdge-HIV TM , the routine electronic patient management system used at TLC. 22, 23 Clinical data, including CD4 counts and viral load results, are automatically integrated into TherapyEdge-HIV TM from National Health Laboratory
Services on a daily basis. The data sources were combined, and patient identifiers removed to create a deidentified analytical database with 357 observations. The analysis was further restricted to patients who had at least one viral load recorded and more than 6 months on ART ( Figure 1 ).
Study variables
The outcome of interest was poor virologic suppression, defined as a viral load ≥400 copies/mL at 6 months on ART. Viral load tests dated between 4 and 9 months after ART initiation were considered as the 6-month viral load result. We divided candidate predictors into baseline (collected at enrolment study visit) and 6-month follow-up variables. 
and mean corpuscular hemoglobin (pg.). For the follow-up variables, we considered both the absolute value at 6 months on ART (eg, BMI <18.5 kg/m 2 , platelet count <150 10^2/ mm 3 , serum lactate below 2 mmol/L) and also a change between ART initiation and 6 months on ART (eg, failing to increase CD4 count by ≥50 cells/mm 3 , haemoglobin drop >1 g/dL, MCV change <14.5 fL, serum albumin decreased or unchanged, total lymphocyte count below baseline value and number of missed ARV drug collections or medical visits ≥7 days). We used the cutoff values reported in previous studies and the diagnostic prediction models found in the literature. [11] [12] [13] 15, 18, [26] [27] [28] [29] [30] [31] We determined the percentage change after 6 months as the amount of change during the past 6 months relative to the initial value of that variable at the start of the period. For adherence to medication at 6 months on ART, we used standardized adherence assessment tools. The first included sections for self-report, visual analog scale (VAS) 31, 32 and pill identification test (PIT) (ie, questions about the name of the medication, number of pills per dose, time the medication is taken and if the patient knows any additional instructions such as storage in a refrigerator, take with food or avoid other medications). 32 The second tool was derived from the Simplified Medication Adherence Questionnaire (SMAQ) tool. 33 For the analysis, a patient was categorized as adherent if he/ she answered "no" to all the self-report questions (eg, "Do you sometimes find it difficult to remember to take your medication?", "When you feel better, do you sometimes take a break from your medication?", "Thinking back over the past four days, have you missed any doses?", "Sometimes if you feel worse when you take the medication, do you stop taking it?"), reported ≥90% adherence on the VAS and knew the dose, time and instructions about ART medication (as assessed by the counselor/social worker). When responses to self-report, VAS or pill identification were less than optimal (eg, answered "yes" to some of the self-report questions, reported <90% on the VAS, and/or did not know the dose, time and instructions on ART medication), overall adherence was categorized as nonadherent. For the SMAQ questionnaire, which asks patients about the past 3 months, a patient was considered non-adherent when a positive response to any of the qualitative questions was given, more than two doses over the past week were missed or had missed taking medicine for more than 2 days over the past 3 months. We considered a multi-method approach, by combining the methods mentioned above (eg, self-report, VAS, PIT and SMAQ), and further categorizing overall adherence. The diagnostic accuracy of the individual and combined adherence measure adherence measures at 6 months on ART were compared to viral load as the "gold standard".
Statistical analysis
Patient demographic and clinical characteristics at baseline were summarized using frequencies for categorical variables and means with standard deviation for normally distributed or the median and interquartile range (IQR) for not normally distributed data. We present patient demographics and clinical characteristics at ART initiation, stratified by 6-month viral load result. We compared demographic and clinical characteristics at baseline between patients who had a viral load at 6 months versus those who did not (and were therefore excluded from the analysis).
Modified Poisson regression models were used to test the association between different baseline and follow-up variables and poor viral load suppression at 6 months on ART. 34, 35 Baseline and follow-up variables associated with the outcome in univariate analysis at a p-value <0.25 along with variables known to be associated with the outcome of interest (eg, gender, age, CD4 count) 13 were entered into the multivariate regression model. In this study, we used an approach of complete case analysis whereby individuals with missing values in the outcomes or other variables were excluded from the analysis. Additionally, we implemented a multiple imputation technique to fill in the missing values in the predictors and the outcome. We assumed that data are missing at random with a pattern closed to monotone. Finally, we conducted a sensitivity analysis to compare the robustness of the estimations between the case complete analyses where subjects with missing values are excluded from the analysis with the cases where missing data were filled. Specifically, we assessed whether the complete case analysis with the multiple regressions from the imputed dataset were different. We then developed a scoring system following the Spiegel Halter and Knill-Jones approach. 36 The score was calculated as the adjusted relative risk rounded to the nearest integer and combined to provide a total score for baseline variables and a total score for follow-up variables. This was applied to the individual patient-level data, and a total score was calculated for each patient, based on the presence or absence of the individual variables identified. Summing the scores gave a total risk score for each patient at 6 months. Variables with a protective effect were assigned a zero score, as the CPS is intended to identify those at risk of poor viral load suppression. The total risk score was dichotomized using different cutoffs ranging from 2 (≥2 vs <2) to 5 (≥5 vs <5). We calculated the diagnostic accuracy of each cutoff by calculating the proportion with the outcome and the observed sensitivity (Se), specificity (Sp), positive predictive values (PPV) and negative predictive values (NPV) compared to viral load as the "gold standard". We assessed the overall diagnostic performance of the total risk score by computing the area under the curve (AUC) value of the receiver operating characteristic (ROC) curve using viral load as the "gold standard". The optimal cutoff (as guided by the ROC curves), sensitivity and specificity were identified and used to outline an algorithm to identify those at risk of poor viral load suppression at 6 months on ART. Subsequently, the diagnostic accuracy (eg, Se, Sp, NPV, PPV) of the individual and combined adherence measure were compared to viral load as "gold standard". Finally, we present an example of how the CPS and algorithm could be used in clinical practice.
All analyses were performed in STATA version 13 (StataCorp, TX, USA). 37 
Results
Baseline characteristics of the cohort
We recruited 357 HIV-positive patients starting first-line ART at TLC between February 2012 and April 2014. Of a total of 357 patients recruited, 353 met the inclusion criteria. Among the patients who were not eligible, two were pregnant, and two others were not on a first-line regimen (Figure 1) . We assessed if patients in the prospective study were representative of the population of patients on ART, as described in an open cohort of data from ten clinics in two provinces within South Africa. 22 Viral load suppression at 6 months on ART
Of the 353 patients who met the inclusion criteria, 296 were in care at the 6-month follow-up, and 239 (80.7%) had their viral load assessed. Of the 239 patients, 72 (30.1%) had poor viral load suppression (viral load ≥400 copies/mL) at 6 months on ART. At ART initiation, baseline demographic and clinical characteristics were similar between patients with a poor viral load suppression, those with viral load suppression (<400 copies/mL) and those without a viral load test at six months on ART ( Table 2 ). There were minimal missing values at baseline, the highest proportion missing was obtained with the variable education (3.1%). At 6 months of ART, missing values were present for all clinical markers as well as the self-reported adherence variables and the plasma viral load. Regarding the viral load, 239 (80.7%) observations were recorded and 57 values (19.3%) were missing at 6 months whereas for clinical markers and self-reported adherence measures nearly 35% of values were missing. Less than 5% of patients had missing values for some of the key candidate predictors for the CPS (eg, MCV, CD4 count, serum albumin, serum lactate, platelet count, hematocrit, etc.).
Sensitivity and specificity of standard measures of adherence
We assessed the diagnostic accuracy of the different measures of adherence to correctly identify poor viral load suppression at 6 months on ART. At 6 months, when compared to viral load, the VAS had a sensitivity of 24.5% while this was 26.5% and 18.4% for the SMAQ and the multi-method approach, respectively. In contrast, the VAS gave a specificity of 87.7%. This was almost the same with the multi-method approach (Sp 86.8%) but decreased to 78.9% for the SMAQ tool (Table 3) . The ROC curve C-statistic ranged between 0.525 and 0.555 for the standard measures of adherence.
Sensitivity and specificity of the scoring algorithm
We tested the association between baseline and follow-up variables and poor viral load suppression at 6 months on ART. At 6 months on ART, seven variables were identified in the Poisson Regression Model, after adjusting for gender and age. The score was calculated as the adjusted relative risk rounded to the nearest integer. The risk score included characteristics at ART initiation (eg, age, gender, WHO stage) and each was assigned a score of +1 so that the total score that could be assigned at ART initiation was +3. Clinical follow-up variables included platelet count <150 cells/mm 3 (+3), absolute MCV change between ART initiation and 6 months on ART <14.5 fL (+1) and missing at least two ARV visits ≥7 days (+2). Self-reported adherence measure such as VAS <90% was also included in the risk score (+2). The total score that could be assigned at the 6-month follow-up visit was +8. Therefore, the total risk score for each patient at 6 months ranged from zero to eleven (Table 4 ).
The optimal diagnostic accuracy was obtained at the cutoff point of 5 followed by the cutoff point of 4. When the cutoff point of 5 (≥5 vs <5) was used the sensitivity of the diagnostic risk score was 65.3% (95% CI 53.8-75.2) while the specificity was 46.7% (95% CI 39.3-54.3). The ROC curve for the diagnostic risk score, using a cutoff of 5, was 0.63 (95% CI: 0.53-0.72) while for the different measures of adherence (self-reported), the ROC curves were uninformative as the AUC was nearly 0.5 (Table 3) . A risk score of ≥5 gave the best specificity of 46.7%, but this was worse than the specificity for the different measures of adherence (87.7% VAS; 86.8% multi-method approach; 78.9% SMAQ). To demonstrate the clinical utility of the algorithm, which outperformed standard measures of adherence, we present an example of how the algorithm could be used in clinical practice to identify those at risk of poor viral load suppression at 6 months on ART and those most likely to benefit from an adherence intervention (eg, targeted intensive adherence counseling) (Figure 2 ).
Discussion
HIV viral load is the most important parameter in monitoring ART. 6 In the context of UTT and with more people initiating ART, a clinical algorithm may be useful to identify those at risk of poor virologic suppression and for prioritizing intensified efforts around adherence support. 38 In this study, we report the development for a CPS to identify those at risk of poor viral load suppression at 6 months on ART. Our study showed that, a predictor score including age, gender, WHO stage III/IV, platelet count <150 cells/mm VAS score <90%, MCV change <14.5 fL and missing at least two ARV visits by ≥7 days performed better than self-reported adherence (eg, VAS or SMAQ or multiple methods combined) in correctly identifying patients with poor viral load suppression on ART. Similar studies among HIV-positive patients in developed countries have developed risk scores derived from combining selfreported adherence measures and laboratory and clinical markers for HIV-positive patients that undergo targeted viral load testing. [26] [27] [28] 38, 39 A CPS to target viral load testing in adults was developed in Cambodia and showed that VAS score ≤95% was predictive of viral load failure after adjusting with other variables. 26 Similarly, an algorithm developed in Uganda used a scoring system which included CD4 count, MCV ≤95 fL, percentage adherence ≤90% and clinical information to predict virologic failure when applied to identify patients with risk of poor outcome in the clinical field. 26 A cutoff score of 3 was chosen and resulted in a sensitivity of 40% and a PPV of 100% in the derivation population. However, in these two studies 26 ,40 the authors did not mention the follow-up period during which the diagnostic risk score may be applicable or discriminative. In our study, we defined and evaluated the CPS at the 6 months' follow-up period. This period allowed us to identify patients more likely to experience early virologic failure on ART and those most likely to benefit from interventions to improve ART adherence.
Another strength of the study was the prospective design and the fact that we used clinical markers that are routinely collected to develop the CPS. This means that the risk score could potentially be used by the nurses during the 6-month follow-up visit to identify high-risk patients that could be targeted for interventions to improve ART adherence. We tested this and asked nurses to complete the score prospectively for patients enrolled in the study (data not presented). Nurses demonstrated their ability to incorporate the clinical assessment of patients in their daily routine, obtain the information needed to generate a total risk score and calculate a risk score for each patient. The CPS, based on routine and accessible information collected during patient visits can be calculated in real-time by clinic staff, can be used to target patients who need intensive adherence counseling with the caveat that there may be more a three-to four-fold increase in the pool of patients requiring adherence counseling. Since the CPS relies on routinely collected data, there are no additional laboratory costs, however additional resources and staff time required to complete the score and offer an adherence intervention (ie, intensive adherence counseling) to all those identified and targeted could be substantial in the context of a heavily burdened health care system.
The prospective design also meant that we could verify patient's information regarding inclusion and exclusion Table 3 Sensitivity and specificity of self-reported adherence at 6 months on ART compared to viral load as criteria which may have strengthened the discriminative value of our algorithm compared to previous research. Our results support other findings that report the poor performance of CD4 count to identify virologic failure. 38, 41 We previously reported that the inclusion of CD4 in a clinical algorithm to improve the sensitivity of the algorithm to correctly identify a virologic failure in HIV-positive patients on ART. 13 We reported that a CPS inclusive of age, CD4 count <100 cells/mm 3 , WHO stage III/IV, albumin <25 g/dL and laboratory and clinical follow-up data had a sensitivity of 57.1% to correctly identify a virologic failure in HIV-positive patients on ART. 13 Using the same approach, we now show that a CPS derived from prospective data collected in a routine clinic setting had an improved sensitivity of 65.3% to correctly identify patients with an elevated viral load. We considered two cutoff values for providing optimal diagnostic accuracy: a cutoff of ≥4 and cutoff of ≥5, these two thresholds provided the optimal true positive rate while decreasing the proportion of false negatives compared to viral load as "gold standard". If we used a cutoff of ≥4, we had a sensitivity of 76.4% to correctly identify poor viral load suppression at 6 months on ART. Using a cutoff of ≥5, at 6 months, 136 (53.1%) patients would be targeted for an adherence intervention. Of these, 47 (47/ 72; 65%) of patients with poor viral load suppression would be correctly identified (true positives), while 89 (89/167; 53%) would be targeted but would not require an adherence intervention as they were virologically suppressed (false positives). A total of 120 (46.9%) patients would not be targeted, 25 (25/72; 33%) of these patients with poor viral suppression would be missed and would not receive an intervention, although they would later be managed according to their routine viral load monitoring results according to the South African national ART guidelines. Since most patients fail treatment after the first 12 months on ART and are switched to second-line 6 months after that, 42 an approach of relying on nurses to identify those at risk of poor virologic suppression and target those most likely to benefit from an adherence intervention such as intensive adherence counselling, may be a reasonable strategy to improve rates of viral load suppression.
Limitations
The results from this study should be interpreted with several limitations. First, some patents did not have a viral load result available and were therefore excluded from the analysis. Additionally, we used the window period of 4-9 months to capture the 6-month viral load. The fact that not all patients had an HIV viral load result may have reduced the power of our clinical prediction model and could have introduced selection bias. Thus, we conducted further analysis. Our results showed that the baseline and clinical characteristics of HIV-positive patients without a viral load at 6 months were similar to those with a viral load and included in the analysis and believe the risk of selection bias to be minimal. Patients without viral load results at 6 months may also represent patients not actively engaging in care, those lost to follow-up or who have died during the early months of ART initiation. This may have introduced survival bias, meaning only those well enough and actively engaging in care at 6 months on ART were included in the analysis. The clinical utility of the score needs to be tested in practice especially since one in five patients (20%) in care may not have a viral load result at 6 months on ART. In the absence of a viral load result, some patients (score ≥5) would be targeted and may benefit from an adherence intervention because they need it, while others may be targeted but did not need it (ie, already virally suppressed). More concerning is the group of patients that would be missed either because they did not have a viral load result or because they were not targeted (score <5). Second, our study included only patients who initiated at TLC and those referred from other facilities were excluded. TLC is a single large HIV specialized urban clinic with highly specialized and skilled staff and with clinical practices that may differ significantly from other public health centers in South Africa. 22, 25 Therefore, our result may not be generalizable and the CPS requires additional validation studies in other resources constrained settings. Third, apart from a few laboratory tests (eg, serum lactate, full blood count and serum albumin), we relied on routine clinical and laboratory data. The limitations of routine data, including data completeness and accuracy, have been well described in the literature. Our study relied on a single HIV RNA measurement at a one-time point. This limited the ability to access the impact of viral load blips (eg, temporary increases in viral load) or pre-treatment HIV drug resistance (PDR). PDR prevalence is estimated to be between 9% to 11% in high HIV prevalence settings in South Africa. 43 In the absence of viral load and resistance testing at baseline, it is unclear in what manner the CPS would benefit this group of patients. Last, the study was a secondary analysis of data collected from a prospective observational cohort study and therefore relied on the data fields and eligibility criteria implemented by the primary study (ie, pregnant women were excluded).
Conclusion
We showed that a CPS tool developed using prospectively collected data in a routine clinic setting performs better with improved sensitivity over standard adherence measures to correctly identify poor adherence at 6 months on ART. However, while the CPS performed better, the overall sensitivity (65.3%) is still low and so more work is needed to improve the sensitivity of the CPS to correctly identify those at risk of poor viral load suppression and target those most likely to benefit from an adherence intervention. Examples of future work may include applying machine learning techniques which look for patterns within the observed data and construct models or algorithms to make data-driven predictions or decisions. In its current form, the CPS would most likely result in a three-to four-fold increase in the pool of patients targeted for adherence counseling which could contribute to additional costs, clinic time for patients and impact on an already heavily burdened health care system. These consequences are likely to undermine the benefits of implementing the CPS in routine clinical practice. Grant number 84331). Any opinion, finding, conclusion or recommendation expressed in this material is that of the author(s) and the NRF does not accept any liability in this regard. Right to Care provided some funding for technical and logistic support and for the provision of treatment for patients in this study.
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